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ABSTRACT 
Seve"a 1 Flori da 1 akes with different docu'llcnted traphi c sta te 
indi ces were se lected for sediment analysis . '1e,·tical sections of Li1~ 
sedin,,;~nt were taken at dept hs of .1, .5 , 1, 2, 3, 4, 5, 6, 10 and l~ 
centimcnters belml the surface of the sediment-water intzrface. Tota, 
P:losJjhorus analysis \'Ias done on each section. The profile p:'e"\:l~ted 
was t.:,en eval'Joted Jnd was fo~nd that the profiles best fit the 
equ·'.tl·or, Y. = X wi r \, . th Pho I ru ' c triJt', 1 "n , t' + BX' l€ e is . e sp 10 S \,.-0 :, en l .. d, n P:. i 
il.nd X i<. the sediment depth in cm. Correlation between the tr~rh' c 
state dnd the pl~ofi1ES characteristh:s are presented. 
A hypothesis as to ho., the sediment profile changes as the l ake 
experiences increa~ed Phosphorus load ing i s presenteti, and 'is used to 
evaluate the lakE studied Thb discussion expresses phospliorlls 
dynami cs wi thi n the sed imen ts i!l teY1il~ of dds(wption , chemi ca 1 chCl.nges, 
bio'logical activity, and ,"olecular .nd eddy diffus;on . 
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Increased awareness of the need for good water quality manage-
ment has recently stimulated research towards understanding the dynamics 
of the eutrophication process. From these efforts have emerged certain 
indices that correlate pollutant loading to accelerated maturation of 
aquatic systems. To date, all of these indices are related to phyto-
plankton activity, which is a representation of the trophic state of 
the lake. 
Because the assessment of trophic state is somewhat subject ive, 
there has been consid,'rable confusion in some of the environmental 
sc iences as to how such terms as eutrophic, oligotrophic, mesotroph ·ic, 
and succession should be defined. In Florida for example, the rate of 
primary production in an "01 igotrophic" lake may be greater than that 
of an lIeutrophic ll Northern lake. The reason, of course, is that there 
is a great variabil ity in the factors that deter·mine the rate of photo-
synthes is. In this case, the great variability in the temperature and 
solar influx may be held responsible for the differences in produc-
tivity. 
It is apparent then that perhaps a new parameter which assesses 
the effic i ency of energy utilization within lake systen5 is needed to 
replace or supplement those parameters such as Chlorophyll, Nutrient 
concentrations and rate of primary production which are actually 
2 
related to the rate of Carbon fixation into organic molecules 
and tell very little about the total energy flow within all energy 
levels of the ecosystem. To date. the only studies that attempt to 
determine the energy flows within aquatic systems are extensive 
"budget" investigations that are not always practical as they require 
considerable time and effort. 
The mechanisms of nutrient transfer between bottom sediments 
and the overlying water may prove to be of considerable value in 
evaluating the trophic state of the lake. since sediments playa 
significant role in regulating energy flow within lacustrine systems. 
If lake systems are to be viewed macroscopically. it can be seen that 
certain biological. chemical and physical phenomenon serve to maintain 
relatively uniform conditions within the lake and its related water-
shed. The capacity of sediments for nutrient retention is high. and 
this fact accounts for their homeostatic role as a nutrient sink and 
regulator. This transfer of nutrients from the sediments to the 
overlying water is an area needing much investigation at this time. 
Scope and Objectives 
This study deals with Phosphorus profiles within the sediments 
of Central Florida lakes in an attempt to better understand the trophic 
dynamics concept in lakes. Phosphorus is selected because it is so 
often considered the limiting nutrient and i s not comp licated by such 
phenomenon as fixation from the atmosphere as in the case of nitrogen. 
Its distribution within the sediments from lakes of different trophic 
3 
levels is being investigated during the course of this study. 
Sediment samples were collected from various lakes of 
different trophic states in an attempt to determine if any correlation 
exists between the trend in vertical distribution of phosphorus within 
the lake sediment and their trophic state. In addition, the inves-
tigation is designed to examine the role of the sediments as a nutrient 
regulator and to look more closely at phosphorus movements within the 
sediments in hopes of finding an indicator that would assist in under-
standing the dynamics of the entire lacustrine ecosystem. 
In terms of energy flows, it might be possible to detennine 
whether a lake is in equilibrium, steady state, quasi-steady state, 
or in positive balance (organic accumulation) by investigating the 
phosphorus distribution throughout the sediments. Although it is some-
what theoretical to talk about trophic dynamics in terms of entropy, 
enthalpy and free energy, they are utilized throughout the discussion 
in hopes of clarifying some of the phenomenon that occur within the 
aquatic ecosystem which serve to maintain rather constant conditions. 
These phenomenon will be called homeostatic mechanisms throughout the 







Prior to the time when it was revealed that technological ac-
tivities could have permanent devastating effects upon natural systems, 
Ecology was more or less concerned with plant and animal species, and 
their distributions and behavioral patterns. However, during the 
first half of this century, it became evident that a unit existed in 
nature that was a result of interactions of organisms between them-
selves and their physical environment. This unit, although it appeared 
to be equipped with a certain buffering capacity when meeting the 
natural fluctuations of its environment, did show vu1nerdbi1ity when 
attempting to deal with the huge burdens p1anced upon it by human tech-
nological societies. This ba sic ecological unit was called the "eco-
sys tem" by Tans 1 ey (1) in 1935 and was defi ned as a sys tem composed of 
physica1-chemica1-bio10gica1 processes active within a space- time unit 
of any magnitude. Recognition of such a unit as the suhject of primary 
ecological concern led logical thinkers to realize that energetics, 
that is the transfer of energy within the system, was the cohesive 
factor that maintained the system. Thieneman (2) used the term bio-
system rather than ecosystem, and was one of the first to realize that 
solar energy captured by the plant "producers" was the source of the 
total energy that became available to the many carnivorous and 
5 
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herbivorous organisms known as "consumers". 
Hutchinson (3) as a leader in energetics, recognized that each 
energy level, which he symbolized by AN' has an energy content some-
what higher than the level below it, that is to say that the total 
energy contained within the producers would be higher than that held 
by the herbivorous organisms, while the carnivores would be at an 
even lower level. Lindeman (4) used these thoughts to develop his 
trophic-dynamic concept, which approaches the ecosystem in terms of 
bio-energetics. Figure 1 is a representation of this idea applied 
to lacustrine ecosystems. 
In conjunction with the bio-energetics approach is the 
observation made by Prigonine (5) that a steady state is one in which 
entropy is at a minimum, and that a steady state system will not 
leave this state by a spontaneous irreversible change. This is in 
accordance with Le Chatelier's principle which states that a system 
tends to change so as to minimize any external stress. This helps 
explain why ecosystems which are close to a steady state tend to be 
stable, and the relative abundance of biological and chemical material 
rather constant. As has been noted, most ecosystems will tend to 
evolve towards a steady state condition (4). 
Succession Of Aquatic Systems 
In aquatic systems, the energy flow may be expressed by I + P • 
R + E at steady state, where I and E are the input and output of 
organic matter, respectively, and P and R are the rate of photo-
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Fig. 1. Generalized Lacustrine Food Cycle Relationships 
SOURCE: R. L. Lindeman, "The Trophic-Dynamic Aspect of 
Ecology," Ecology 23 (1942): 4406. 
• 
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interrelated, and both may be functions of nutrient availability, it 
becomes evident that nutrient cycles play an important part in the 
energetics of aquatic systems. This is emphasized further when Liebig's 
law of limiting factors is considered, for it is often one of the 
nutrients that limit the rate at which solar energy is captured. It 
is feasible then that energy flow within the system might b.e expressed 
in terms of the limiting nutrient, at least as long as that nutrient 
remains limiting. 
As stated previously, natural systems tend to evolve towards 
a steady state. It does this through a series of changes over time, 
a process called succession. In ecological terms, the system will 
reach a climax state, and will at this time retain its compliment of 
different species and operate as a steady state, or near steady state. 
Thi s was demonstrated by Odum (6) who found that energy influx nearly 
equalled energy export and storage in Silver Springs. Lindeman (4), 
in his discussion presents two views on the mode of succession in 
lacustrine systems. First, the concept of Thieneman (2), is that a 
lake begins as an oligotrophic (low production) system, and that at 
this time efficiency is high. As influx of nutrients from the water-
shed begins, productivity increases and the lake begins to fill with 
organic surplus and a eutrophic (high pl~duction) condition prevails. 
As organic matter begins to accumulate, an oxygen depletion is noted 
on the bottom, and anaerobic conditions predominate. This means a 
collapse of the benthic community as it had existed, and a take over 
by anaerobic and facultative bacteria. These tend to be rather slow 
8 
decomposers, and there tends to be a greater rate of accumulation of 
organic material because of this. As the lake fills it becomes a 
march or bog, and eventually becomes a terrestial system. Hutchinson 
(3) tends to look at natural lake succession as a process that 
approaches a terrestial state in a much slower and more orderly 
fashion. It does this whi le in some "ideotrophic" state whose rate 
of production is dependent upon the availability of the many variables 
that affect photosynthesis such as temperature, nutrient influx, and 
morphometric characteristics. It then approaches a quasi-steady 
state condition. This is called by Lindeman (4) the eutrophic-stage 
equilibrium. It is suggested that during this period there is an 
accumulation of organic material in the sediment, but the process is 
slow and controlled, and is regulated by the external influx and 
export of material, primary production rate, rate of sedimentation, 
and the rate of nutrient regeneration from the sediments. The 
implication then is that the lake does appraoch a terrestial climax, 
but it does so as a stable system which is evolving at a relatively 
slow rate under most natural conditions. This concept of lake suc-
cession is seen schematically in Figure 2. 
The Hutchinson-Lindeman idea is in line with Odum (7) and 
others who feel that succession culminates in a stabilized ecosystem 
in which maximum biomass and symbiotic functions between organisms 
are maintained per unit of available energy flow. This is seen in 
Figure 3, which is taken from an article by Stumm and Zollinger (8) 
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Fig_ 3. Trends in Ecological Succession 
SOURCE: W. Stumm and E. Stumm-Zollinger. "Chemostasis 
and Homeostasis in Aquatic Ecosystems: Principles of Water 
Pollution Control." in None uilibrium Systems in Natural 
Water Chemistry. ed. R. F. Gould Washington. D.C.: American 
Chemical Society. 1971). p. 20. 
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seen by this figure, succession leads to an increase in diversity, 
with a reduction in the rate of productivity and entropy change. In 
accordance with Le Chatelier's principle, succession is maximization 
of self organization. 
Energy Flow and Succession 
Patten (9), in an application of the laws of thermodynamics 
to the energetics within an ecosystem, considers energy flow and 
succession and how they are interrelated. He begins by noting that 
the ecosystem as well as living organisms are highly improbable 
aggregates of energy. He then views the mature ecosystem as a steady 
state in which energy enters and is then stored or degraded. In the 
degradation process, entropy is created, which corresponds with the 
second law of thermodynamics, in which it is stated that there is an 
increase in entropy with any energy transformation. This entropy 
may be considered as a measure of disorder within the system. If "I" 
is considered negative entropy, that is a measure of order within the 
system, (negentropy), then lorganism = Ifood - Iwaste' or Iwaste can 
be considered the entropy gain. 
This can be represented in terms of the free energy, 6F, which 
can be considered analogous to the energy output, and the enthalpy 
change, 611, which corresponds to the energy input, to obtain the 
famil iar equation: 
6F = 6H + T6S 
AS entropy (S) represents disorder, it is paramount that it 
is dissi.pated away from the living system which is of course highly 
11 
ordered. The mode by which this entropy is dissipated is by excretion 
of waste products, and of heat from respiration into the environment. 
The excreta of course, in a complex ecosystem, will be further broken 
down, and, in words of Patten (9), the negentropy extracted from it by 
the secondary (decomposer) food chain. 
If H1 is the solar energy converted by primary production to 
n n 
chemical energy within the system, then AH1 = E AF. + E TASi ; i=l 1 i=l 
where i refers to the trophic level. Figure 4 reveals how the energy 
flow may be viewed in these terms. As can be seen, a fraction, TAS 
mus t always be lost, and this for all practical purposes in a quasi-
steady state may be considered equivalent to the heat released during 
respiration . 
In applying these thoughts to succession, Patten (9) notes 
that the stability of a system is related to the number of channels 
throu9h which energy may move during its flow through the ecosystem. 
This is of course a function of the diversity (see Figure 3). These 
choices may be called information, and are related to negentropy. 
If the information increases with maturation, then negentropy increases. 
This implies a n~re organized ecosystem with more evolutionarily 
advanced organisms (specialists) . Patten went further by developing 
the energy terms seen in Fi gure 4 into three equa ti ons. 
n n 
1. AH1/T + i ~ l AH." IT = i ~ 1 (AF. ' "IT + AS. ) 1 1 1 
2. AIl11T + ig1 AH. " IT 1 > 
n 
i !! 1 (AF." 'IT + AS.) 1 1 
n n 
(AF·"'/T + AS.) 3. AH1/T + E AH·" IT < '~1 i=l 1 1- 1 1 
Fig. 4. Energy Flows in Lacustrine Systems 
SOURCE : B. C. 
of the Ecosystem : 
(1959): 228. 
Pa tten, "An Introducti on to the Cyberneti cs 
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i~l 6Hi" here represents the input 
n 
derived from solar radiation. . I: ilF." I 
1 = 1 1 
n 
is lost (leached) from the system, and " i=l 
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of energy other than that 
i s that free energy which 
6S i is of course the entropy 
which is the heat energy lost from the system via respiration. 
Equation 1 shows a true steady state condition, equation 2 is 
a positive balance condition. In terms of succession, equation 1 is a 
climax representation (although a true steady state condition may 
actually never exist, as was noted by Lindeman(4)). Equation 2 
indicates that succession is proceeding, and equation 3 represents 
senescence (see Figure 2). Lindeman's eutrophic-stage equili brium 
might be thought of in terms of equation 2, with the ratio of the two 
sides of the equation remaining rather constant over time, and tending 
to approach one. This is not what Thieneman (2) implies. He would 
tend to believe that the ratio would change rather rapidly or fluctuate 
greatly as it approaches one. 
Nutrient Loading and Succession 
Lindeman (4), in 1944, realized the importance of the surround-
ing drainage areas upon the nutrient dynamics within a lake. 
"Lake succession i s internally compl icated by a rather 
considerable influx of nutritive material frrnn the drainage 
basin surrounding the lake." 
Lately, some attention has been given to the rate of nutrient 
loading from natural, rural, and urban areas. This material, which 
may be called allochthonous, may come from a controlled point source 
such as a wastewater treatment facility, or may originate from an 
14 
uncontrolled nonpoint source, such as stormwater runoff. Only in 
the last ten years or so has the real significance of nonpoint 
allochthonous material been recognized by those in the engineering 
and planning fields. 
Weibel, et a1. (10) investigated the quality of runoff from 
cultivated land and found that it was high in both phosphorus and 
nitrogen. Total phosphorus was found to be as high as 3.3 mg/1 and 
was mostly as insoluble ferric, aluminum or calcium phosphate which 
was formed upon the application of fertilizer. Loehr (11) noted 
that only 5-10% of the phosphorus applied as fertilizer was taken up 
by crops and the balance remains as the insoluble forms until 
reso1ubilization occurs, usually through microbial action. Phosphorus 
transport through runoff is usually caused by erosion. Runoff from 
forest areas was reported by Cooper (12) to be considerably lower in 
nitrogen and phosphorus than agricultural areas. Total phosphorus 
ranged from 0.015 mg/1 to 0.115 mg/l. 
Urban runoff was found to vary considerably in phosphorus 
content, but the loading in all cases is considerably higher than 
that found from unmolested watersheds. Wanielista (13), in a study 
on nonpoint source effects in Central Florida, found that phosphorus 
loading from urban runoff in downtown Orlando, Florida ranged from 
2.0-3.5 Kg/ha-yr. Loadings from the U.S. urban areas varied from 
1.0-5.0 kg/ha-yr. 
The Eutrophication Survey Branch of the Environmental Pro-
tection Agency (14) has accumulated much of the data obtained from 
15 
various nonpoint source pollution studies done in the United States. 
Figures 5 and 6 show their findings of the average loading rates of 
ortho and total phosphorus from runoff of various land uses. 
Predictive Models 
Nutrient influx ln lakes is related to increased nuisance algae 
blooms and other signs of disrupted energy flows, such as a decrease 
in species diversity, collapse of the benthic co~nunity, and a high 
degree of anaerobiosis. A relationship between nutrient loading from 
allochthonous sources and the trophic state of the lake has been 
established. Several models have been designed to check the mass 
balance of the limiting nutrients as related to trophic state. 
Phosphorus was found to be the limiting nutrient in 67% of the 812 
lakes studied by EPA (14). The Eutrophication Survey Branch has 
applied three models to the information it has received on various 
lakes throughout the U.S. 
Vollenweider's model (15) makes use of several assumptions in 
developing a mass balance equation. The primary assumption is that 
the lake being evaluated is in a steady state, i.e., dP/dt = 0, where 
P is the phosphorus content within the lake. Also, it is assumed that 
the lake is completely mixed, that the loading rate is constant over 
time as is the flushing and sedimentation rate, that the phosphorus 
concentration of the outflowing water is equal to the average con-
centration within the lake, and that the rate of phosphorus sedimen-
tation is dependent solely upon the phosphorus concentration within 
the lake. The basic equation used for the model then is : 
ro.[ST t I 0 .00 0) 
IIOSTLY ftlltST • I to .::: I' 
MilEO 0 .017 
o.o , ~ 
.om, "OK. b ,.on 
aCJU(l,;lTtllt O.Ost 
fi:/ i::ST 
'-------"-------"--------------'------------o 0 .01 0.01 c .. :.l O.C" 
M:~~/(jR",l.!S ':£1. £'7," 
, 
O.C~ 
Fig. 5. Orthophosphate Concentrations in Runoff From 
various land uses in the U. S. 
r C. .Ol ' 






I O.c. , :! 
J ~ . O t:. 
I u •• 
~ I ~u 
o 0 .10 
M:;£l5liA VS FE'" u ra> 
Fig. 6, Total Phosphorus Concentration in Runoff from 
various land uses in the U. S. 
0 ."6 
SOURCE: U. S. Environmental Protection Agency, Eutrophication Workshop, 
Region IV, Atlanta, Georgia, December 3, 1975. (Corvallis, Oregon: National 






= the concentration of the total phosphorus in 
the lake 
(l-S)J/V = the supply of phosphorus to the lake per unit 
volume after correction is made for the out-
flow of phosphorus 
o(mw) = the phosphorus lost to the sediments 
The solution to the differential equation at steady state is: 
z = (l-S)J/A(mw) (Vollenweider (15)) 
-z = the mean depth of the lake 
A = the surface area 
As can be seen, the mean depth and loading are related, and it is these 
two variables that Vollenweider utilizes in establishing trophic state 
nutrient-loading relationships. Figure 7 shows how this model clas- ' 
sified several lakes investigated by EPA (14). 
Dillon (16) noted that some of Vollenweider's assumptions 
weakened the viability of the model. He expounded upon the complexities 
involved in the sedimentation process, pOinting out that the concen-
tration of phosphorus within the lake does not necessarily control 
sedimentation, but rather such cations as Fe+3, Al+3, and ca+2, as 
well as adsorptive phenomenon, may serve as regulators. From these 
considerations, Dillon (17) developed a model which utilizes a para-
meter that incorporates the phosphorus loading rate, L, the hydraulic 
flushing rate, p (reciprocal of the hydraulic retention time in years), 
• 
Fig. 7. SOURCE: U. S. Environmental Protection Agency, Eutro-
phication Workshop, Region IV, Atlanta, Georgia, December 
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the phosphorus retention coefficient, R, (the ratio of the phosphorus 
remaining in the system, (input-output), and the incoming load). The 
parameter, L(l-R)/ p, is plotted on the Y axis, rather than just loading 
rate as in Vollenweider's model. Mean depth remains the parameter 
represented by the X axis. Figure 8 shows the EPA (14) results using 
this model which indicates a linear relationship on a log-log scale. 
The third model utilized by EPA was one developed by Larsen 
and Mercier (18) under EPA sponsorship. They also used the phosphorus 
retention time, but rather than integrating it into loading rate, they 
used it as the independent variable, while a loading parameter, (L/zp), 
was used as the dependent variable. Because with both Dillon and 
Larsen's models loading is compared with the concentration of phosphorus 
within the lake, the vertical distance from a given point to a tran-
sition line is somewhat of an indicator of the degree of eutrophication. 
The Larsen-Mercier plot, as done by EPA (14), is seen in Figure 9. 
The question must now arise as to the actual value of these 
predictive models. There is no doubt that through Vollenweider's 
efforts, the significance of loading upon the trophic state of the 
Great Lakes was recognized. Also, these mode l s can predict, to a 
degree, the effects of loading upon lake systems, and this prediction 
can be used in planning and management, as well as restoration. How-
ever, continued refinement of these models and better understanding 
of the eutrophicat ion process are needed. 
Phosphorus Regulation By Bottom Sediments 
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SOURCE: U. S. Environmental Protection Agency, Eutro-
phication Workshop, Region IV, Atlanta, Georgia, December 
3, 1975. (Corvallis, Oregon: National Eutrophication Survey) 
(mimeographed) . 
Fig. 9. The Larsen-Mercier Relationship Applied to a Number of 
Eastern U. S. Lakes and Resevoirs Samples by EPA. 
SOURCE: U. S. Environmental Protection Agency, Eutrophication 
Workshop, Region IV, Atlanta, Georgia, December 3, 1975. 
(Corvalli s , Oregon: National Eutrophication Survey) (mimeographed) . 
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describe eutrophication must use the whole ecosystem as its basic 
conceptual unit; "Control points for attacking eutrophication exists 
everywhere in the ecosystem, not just in the producer and nutrient 
parameters" . 
Perhaps some of the best examples of the limitations of these 
models is their inability to cope with the sediment "control point" 
or regulatory point. Larsen and Mercier (20) in attempts to model 
Lake Shagawa in Minnesota, noted that the sediments supplied signi-
ficant amounts of phosphorus to the lake, and that this could cause 
a delay in the restoration following diversion of a significant por-
tion of the allochthonous phosphorus. This phenomenon was demonstrated 
by Welch, et al (21) when nutrients were diverted from Lake Sammamish 
in Washington. They found that, unlike Lake Washington which had been 
studied by Edmondson (22), a decrease in primary production did not 
follow. They determined that sediment nutrient supply was probably 
the cause. It was emphasized that Lake Sammamish is much shallower 
than Lake Washington, and that the hypolimnion goes anaerobic during 
the summer. It is hypothesized that phosphorus incoming is complexed 
with iron before uptake with algae can occur, and that production is 
limited by internal (autochthonous) loading. 
Cooke, et al. (23) studied phosphorus dynamics in the Twin 
Lakes in Ohio. They noted that for small lakes, the rates of certain 
processes, such as sedimentation, are anything but constant when 
watershed morphology is changing, and that a "steady state" assump-
tion is not acceptable. They view lake recovery as a successional 
23 
process, 1.e. it 1S seeking a new steady state. 
Lorenzen (24) studied several models that attempted to cope 
with the internal loading phenomenon by modeling sediment dynamics. 
Some difficulty seems to have been encountered when terms such as 
sediment volume and concentration are presented. The input data which 
would be needed for these models also appears to be difficult to' 
obtain, and may not be reliable unless considerable care, time and 
money are used to gather it. Also, these models give no consideration 
as to what phosphorus is permanently lost from the aquatic system. 
The evidence then seems to indicate that these models would be high 
in cost, while giving data that is suspect. 
Perhaps, then, for evaluation of the sediments and their role 
in determining the trophic state and stability of lake systems 
additional research is needed before mathematical modeling is 
justifiable. Such research may seek development of some indicator 
parameter, or a series of such parameters. These might be biological, 
chemical-physical or a combination of both. Also methods for monitor-
ing changes within the sediments with time might be helpful. 
Loss of phosphorus from a lake system may occur by direct 
exportation, such as insect emergence, external grazing and predation 
or by sediment fixation. Phosphorus in the top layer of sediments may 
on the other hand be returned to the overlying water. This layer is 
constantly being redistributed by the benthic community. Below this 
layer at some depth microbial activity becomes insignificant and 
phosphorus becomes fi xed. This was suggested by Nauman (25) who 
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estimated the depth of this top layer to be about 10 cm. However, 
variations in the biologically active layer of sediments are cer-
tainly to be expected not only fro,n lake to lake, but from different 
areas in the same lake, and probably within the same area with time . 
When phosphorus influx within a lake is increased signif-
icantly over a short period of time, the system may experience a 
stress or shock . Depending upon the nature of the system, the 
phosphorus will either be taken up by the sediments or will be used 
for production by the phytoplankton and/or macrophytic plants. As 
the system reacts to the stress, there will be either an increase 
in entropy or sed imentation . If fixation by sediments predominates, 
perhaps little change will be noted within the system and no recog-
nized increase in phosphorus influx will be noted. The ability of 
phosphorus to be taken up by the sediments has been demonstrated 
by Shannon, et a1. (26) during an artificial fertilization experiment 
in Florida. The lake studied did not respond as expected with an 
immediate increase in primary production . Unfortunately, detailed 
sediment monitoring was not done, and there is some question whether 
the nutrients were captured in the sedin~nts or taken up by submerged 
macrophytes . 
Uptake of phosphorus by plankton and/or macrophytes has been 
demonstrated by Schindler (27) from artificial fertilization studies 
done in Canada . He observed a rather rapid rise in primary produc-
tion with an increased phosphorus influx. The morphological and 
biological characteristic of the lakes used, however, differed 
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greatly from Florida lakes. 
Phosphorus Transfer 
In an early study on sediments. Hutchinson and Bowen (28) 
showed that in Linsley Pond. Connecticut. a sma ll eutrophic thermally 
stratified lake. that regeneration of phosphorus from the sediments 
occurred when the hypolimnion became oxygen depleted (anoxi c) . It 
was noted that there was a rapid uptake of phosphorus initially by 
phytoplankton. with sedimentation following. This cycle was seen 
to go from the littoral areas into the epilimnion. with a subsequent 
loss to the sediments. with some regeneration of phosphorus after 
stratification. The regenerated nutrients became available when 
turnover (mixing of hypolimnion into the eiplimnion waters) occurred. 
It was observed that sedimentation of phosphorus took place at such 
a rate that there was a net loss of phosphorus from the system. 
meaning that this process served as a phosphorus sink. and maintained 
the phosphorus limited condition. The nature of the sediments had 
also been investigated by Hutchinson and Wollack (29) who mentioned 
the importance of phosphorus precipitation with trivalent iron. 
Reduction occurring under anaerobic conditions permitted resolubili-
zation of ferrous phosphate. They also recognized the possibility 
of phosphorus regeneration as a result of the activities of benthic 
organisms. It was felt. however. that allochthonous phosphorus was 
much more important as a regulating factor than sediment regenerated 
phosphorus in Linsley Pond. 
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Hayes, et a1. (3D), using p32 in a study of Phosphorus 
cycling in aquatic systems, explained the flux of phosphorus from 
the water to the biological solids (phytoplankton, macrophytes, 
epiphytic algae, etc . ) by the differential equation: 
dN/ dt ~ -N( , +~} 
where: 
, & ~ = the percent phosphorus removed dai 1y from the 
water and sediments, respectively 
N = the concentrati on at time tin mg/L 
vNo = the concentration at time to in mg/ L 
From thi ,s equation and the use of p32, it was found that there 
occurred a turnover time of 5.4 days for soluble phosphorus within 
the water. It was suggested that eutrophication could occur only 
when the phosphorus influx could not be equilibrated with the 
biological units within the system. The inference is that cessation 
of phosphorus influx would result in a return to an oligotrophic 
state, meaning that the rate of phosphorus regeneration from the 
sediments is a rather constant phenomenon, not being affected by the 
concentration in the bottom muds or the over-lying water. 
Mortimer (31) studied mechanisms of ion exchange between 
mUd-water interface, emphasizing the importance of oxidation-reduction 
potential and its effects upon the rate of nutrient release from the 
sediments. He revealed that eddy currents are responsible for 
accelerated diffusion within the hypolimnion, whereas molecular 
diffusion allowed movements within the pore water. It was noted that 
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the reduction in the mud surface following oxygen depletion converted 
the trivalent iron to the reduced ferrous ion, which because of its 
higher solubility allowed a release of phosphorus associated with 
iron. Diffusion through the sediments follows this phenomenon as a 
concentration gradient is created, and the phosphate is eventually 
released into the hypolimnion waters. Adsorption was also noted ·to 
be an important factor in phosphorus regulation, with oxidized 
sediments having a greater adsorptive potential. A Ferri-Silico-
Humic complex was suspected as the main adsorptive agent, although 
trivalent manganese was also noted as being an effective adsorptive 
agent. The rate of removal of ions from the mud seemed to be a 
function of the eddy diffusion coefficient and the concentration 
gradient between the mud and water. The role of wind speed in 
setting up the structure of the thermocline and the nature of the 
eddy currents also was noted. For phosphorus, aside from these 
factors, the thickness of the oxidized layer has to be considered 
also, as adsorption and precipitation may act as barriers against 
diffusion. This thickness is a function of the oxygen absorbing 
power of the muds and the oxygen concentration of the overlying 
waters. 
These early studies on phosphorus in aquatic systems have 
inspired much work on the interplay between water and sediments 
and the role this interplay has in phosphorus dynamics. Some of 
the questions developed during these investigations are: 1) What 
is the role of the sediments in supplying phosphorus to the ecosystem? 
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2) What i s the importance of adsorption-desorption in phosphorus 
dynamics? 3) Are there any correlations between sediment character-
istics, such as adsorptive ability, iron concentration, density, 
grain size, carbon content, etc. and the trophic state of the lake? 
4) Can the sediments supply enough phosphorus to the system to main-
tain an eutrophic state even after external loads are diverted, and 
if so, to what extent? 5) What segment of the sediment phosphorus 
may be considered as available for algal growth? 6) At what sedi ment 
depth is the phosphorus lost from the ecosystem? 7) How important 
is diffusion? 8) What is the role of mixing, and at what rate can 
mixed sediments release phosphorus when oxidized? 9) How much 
mixing is needed before it can be considered a significant factor 
in nutrient dynamics? 10) What is the relationship between bacterial 
action and phosphorus release in the sediments? 11) Is sedimen-
tation of phosphorus controlled by chemical or biological act i vit i es? 
Most of the work that has been done to date in attempts to 
answer these questions has been done in the Great Lakes, in certain 
Wisconsin lakes, and in Linsley Pond, Connecticut. Sediment studies 
are lacking in Florida, although Brezonik (32) recently has done 
considerable work on the sediments of Lakes Harney, Monroe and Jessup. 
Because of the peculiarity of the sub-tropical lakes found in Florida, 
certain ly much more work is needed. 
Sed iment Characteristics 
The actual characteristics of lake sediments were studied 
by Kemp, et a1. (33) in Lakes Erie, Huron and Ontario . An attempt 
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was made to determine the rate of sedimentation of organic material 
and nutrients as related to technological growth, i.e. cultural 
eutrophication. This is somewhat similar to the objectives of 
Hutchinson and Wollack (29) at Linsley Pond. Kemp, et al. (33) 
used the Ambrosia pollen horizon as a chronological benchmark, this 
coinciding with the clearing activities of early settlers. The ' 
dates were set at 1830 for Lakes Ontario and Erie, and 1870 for Lake 
Huron. Lake Huron represented a control area, being surrounded by a 
relatively unmolested watershed . As might be expected, it showed 
the slowest rate of sedimentation, about 148 gm/m2-yr as opposed to 
320 and 540 for Erie and Ontario, respectively. Figures 10, 11 and 
12 show the variation with depth of various parameters within the 
sediments of these three lakes. 
Phosphorus Distribution Through Sediments 
A trend of decreasing phosphorus with depth is noted in all 
lakes. The Lake Huron sediments tend to stabilize at a shallower 
depth. Although the Lake Huron rate of phosphorus deposition appears 
to be increasing; the author notes that this may be due to the natural 
phenomenon of rclease in deeper areas with a lower oxidation-reduction ~ 
potential, (Eh), with a subsequent migration to the higher Eh levels, 
where entrapment via precipitation, adsorption, and bacterial uptake 
occurs. The unevenness of the percent phosphorus for Lakes Erie and 
Ontario as seen in Figure 13 may be due to a variation in phosphorus 
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Fig. 10. Sample Locations and General 
Sediment Characteristics of Lake Ontario. 
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SOURCE: A. L. Kemp, C. B. J. Gray, and A. Mudrochova, 
"Changes in C, N, P and S in the Last 140 Years in Three 
Cores from La kes Ontari 0, Eri e and Huron, H in Nutri ents 
in Natural Waters, ed. J. R. Kramer and H. E. Allen 
(New York: John Wiley and Sons, 1972), p. 256. 
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Fig. 11 . Sample Locations and General Sediment 
Characteristics of Lake Erie 
SOURCE: A. L. Kemp, C. B. J. Gray, and A. Mudrochova, 
"Changes in C, N, P and S in the Last 140 Years in Three 
Cores from Lakes Ontario, Erie and Huron, 1I in Nutrients 
in Natural Waters, ed. J. R. Kramer and H. E. Allen 
(New York: John Wiley and Sons , 1972), p. 257 . 
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Fig. 12. Sample Locations and General 
Sediment Characteristics of Lake Huron. 
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SOURCE: A. L. Kemp, C. B. J. Gray, and A. Mudrochova, 
"Changes in C, N, P and S in the Last 140 Years in Three 
Cores from Lakes Ontari 0, Eri e and Huron," in Nutri ents 
in Natural Waters , ed. J. R. Kramer and H. E. Allen 
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Fig. 13. Changes in Total Phosphorus 
Versus Approximate Time of Deposition (Lakes 
Ontario, Erie and Huron) . 
SOURCE: A. L. Kemp, C. B. J. Gray, and A. 
Mudrochova, "Changes inC, N, P and Sin the Last 
140 Years in Three Cores from Lakes Ontario, Erie 
and Huron," in Nutrients in Natural Waters, ed. 
J. R. Kramer and H. E. Allen (New York: John Wiley 
and Sons, 1972), p. 266. 
34 
phosphorus may be regenerated back into so lution from the lakes. 
These see-saw type fluctuations as seen in Lake Erie and noted also 
in Lake Wauberg in this study, might well indicate periods of high 
productivity with a following increase in sedimentation, which 
increases the degree of anaerobiosis in the hypolimnion, this in 
turn allowing an increase in the amount of phosphorus released when 
stratification occurs. These vertical patterns of phosphorus 
concentration are interesting, and are the inspiration for this 
paper, for there indeed appears to be cons iderabl e difference in 
this pattern among different types of lakes. The work done here 
by Kemp, et. a1. (33) appears to have confirmed the feeling that 
fluctuation within the sediments of phosphorus at various depths 
is more than a historical phenomenon. 
Wentz and Lee (34) like many others, viewed phosphorus in 
the sediments as rather static . This may be valid if relatively 
great depths (30-100 cm) are considered, and large sections (5-20 cm) 
are i nves ti gated. They correlated changes in phosphorus at various 
depths with changes in land use activity around the watershed at 
that time, although they apparently ignored movements of phosphorus 
within the sediment itself. They attempted to determine the 
"available" phosphorus with depth rather than total phosphorus. 
"Avai lab1e" phosphorus had previously been defined by Wentz and Lee 
(35) as that which can be extracted by a dilute HC1-H2S04 solution. 
Unfortunately, it was noted that the "available" phosphorus not only 
consisted of adsorbed phosphorus, but also some f1uoroapatite and 
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calcium phytate, the availability of which is certainly questionable, 
although it can be degraded slowly by some microorganisms. Their 
results show a greater concentration of available phosphorus in the 
top sediments (0-35 em) than in the lower sediments (35-100 em) with 
evidence again of varying rates of sedimentation. The assumption 
here is that there is little diagenesis or diffusion within the' 
sediments, and that regeneration is not significant. The validity 
of these assumptions is questionable in light of the work by Kemp, 
et al. (33), and of Williams and Mayer (36) who investigated 
diagenesis and regeneration of phosphorus within the sediments of 
Lake Erie, and the role of these two processes in determining water 
quality. The work previously mentioned that was done at Lakes 
Sammamish (21), Shagawa (20), and Twin Lakes (23) also seem to 
question the validity of their assumptions. Williams and Mayer (36) 
state that the net sedimentation may reduce the time needed for 
re-establishing a steady state (quasi-steady state), while net 
regeneration will prolong the time. 
Sedimentation is believed to predominate in the Great Lakes 
and it is felt that 75-85% removal of inflowing phosphorus by 
sedimentation occurs. Two factors, however, were mentioned that 
may allow the phosphorus in the sediments to become available at a 
greater rate than predicted. First of all, the amount of sorbed 
phosphorus may be greater than before technological interference, 
as suggested by Wentz and Lee (34), and secondly, the desorption 
rate may depend upon the total adsorbed concentration within the 
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sediments. Williams, Syers and Harris (37) found, however, that 
little correlation could be made between the trophic state and the 
adsorptive-desorptive capacities of the sediments of several 
Wisconsin lakes. It was noted, however, that non-calcareous deposits 
were much more effective adsorbers. Bortelson (38) demonstrated 
the effect of iron concentrations on the adsorption capacity of· 
~, 
'\ 
phosphorus, as seen in Figure 14, and noted that the concentration I 
of phosphorus within the sediments does not appear to be correlated 
with trophic state. However, Livingstone (39) indi cated, by his 
studies on Linsley Pond, that the trophic state could poss ibl y be 
regulated by the adsorptive potential of the sediments . He found 
that periods of oligotrophic conditions in the pond's history 
revealed more adsorptive sedi ments. Fitzgerald (40), in studying 
the ava i 1 abil i ty of adsorbed phos phorus to certai n algae speci es , 
found that adsorption could render the phosphorus unavailable to 
many algal spec i es, but it could be extracted by most macrophytes. 
Williams and Mayers (36), also discussed the manner in 
which phosphorus is regenerated and precipitated under condit ions 
of constant sedimentation . Thi s idealized situati on is seen in 
Figure 15. The area Ei Di Ci C1D l is that phosphorus which has 
migrated upward through the interstitial water, while F1E1EiFi is 
the amount obtained from sedimentation. This idealized pattern is 
not unlike that seen in Lake Huron, (Figure 12) although it varies 
considerably from Lakes Erie (Figure 10), Dntario (Figure 11), 
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Fig. 14. Effects of Iron on Phosphorus Sorption 
in Lake Sediments 
SOURCE: G. C. Bortelson and G. F. Lee, "Phosphorus, Iron 
and Manganese Distribution in Sediment Cores of Six Wisconsin 
Lakes ," Limnology and Oceanography 19 (1974): 798. 
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mixing of the sediments by thermal and wind induced currents, or 
biological activity may disturb this steady state condition and 
increase the rate of regeneration. Schultz (41) notes that in Lake 
Shagawa, mixing of even oxidized sediments may contribute signif-
icant phosphorus to the water column. Shannon, et al. (26) notes 
that in shallow sub-tropical Florida lakes, such as those seen in 
Florida, mixing, may be a prime factor in nutrient regulation . 
Yousef (42) in a preliminary study on the impact of motor boating 
upon water quality, implies that mixing by boats may serve to induce 
eutrophic conditions by redistribution of sediment held nutrients. 
Shannon et al. (26), went on to demonstrate in the laboratory a 
very significant increase in soluble phosphorus in lake water fol-
lowing a period of agitation of the sediments. Brezonik (32) 
recently has shown that there exists ~ equilibrium phosphorus 
concentration at which the sediments neither desorb nor adsorb 
phosphorus . This is demonstrated in Figure 16 and must be consid-
ered an important indicator of the lakes homeostatic abilities. 
The role of diffusion as a factor in nutrient regeneration 
has led to several studies on pore water (interstitial water). 
Weiler (45) revealed that this water is very high in soluble 
phosphorus as compared to the overlying water. It is stated that 
this gradient enables the sediment to be a source of phosphorus, in 
correlation with Fick's Law: 
















~{-Tiln 1!ent to curve 
at orJill:ltc value of lero 
-O-llurncy 
m=1 . 35 
-{)-aCSSUp 





'" 'tJ 0.050 L-_'-_L_---l_..-.JI--L--L---L--L-..L..-....J 
0 . 40 11.80 1.20 1.60 2 . 00 
Final o rtho-phosphate conccntr.Jt-.ion (Jng P/l) 
Fig. 16. Phosphate Taken up or released by Sediments After Equilibrium with 
Solution of Varying Initial Phosphate Concentrations versus Final Phosphate 
Concentrations. Intersection of Isothorms wi th Dashed Line is the Equilibrium 
Phosphate Concentration (EPC) 
SOURCE: P. L. Brezonik, "Nutrient Exchange Stud ies on SEd iments of the 
Middle St. John's Lakes," (awaiting publication by the Florida Department of 




0 = ~e diffusion coefficient in cm2/sec 
dC/dx = the diffusion gradient in mg/cm4 
F = the flux in mg/cm2-sec. 
As stated earlier, barriers against phosphorus release may exist to 
work against the concentration gradient. Surruya and Edelstein ' (43) 
attempted to demonstrate fluctuations in nutrient concentrations in 
pore water in stratified lakes. Variables considered were horizontal 
currents created thermally or by wind action, temperature, and 
benthic flora . Again, a large gradient was noted between the con-
centration of the pore water and the lake water. Inflowing water 
was noted to be high in calcium, thereby encouraging the pJJ<Cipitation 
of hydroxyapatite, which in this particular lake (Lake Kinneret) 
appeared to regulate the rate of phosphorus regeneration. Fluctu-
ations, then, in the solubility product of hydroxyapatite allowed 
fluctuations of available phosphorus in the lake water. A cycle 
was noted with changes in the solubility product allowing release 
of phosphorus into the water column. Productivity then increased 
with eventual increase in the alkalinity, indicating an increase in 
OH concentration which stimulated precipitation of hydroxyapatite. 
Williams and Mayer (36) also demonstrated this type of phenomenon 
in Lake Erie. They showed a decline in sorbed and organic phosphorus 
with increasing sediment depth, as seen in Figure 17. It is cal-
culated that the rate of apatite fixation is considerably greater 
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Throughout the Period of Accumulation. 
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Special Reference to Lakes Erie and Ontario," in Nutrients 
in Natural Waters, ed. J . R. Kramer and H. E. Allen (New 
York: John Wiley and Sons) , p. 308. 
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appears that a reduction of allochthonous phosphorus would allow 
the lake to eventually return to an oligotrophic state. Figure 18 
shows how phosphorus is seen to be transfo rmed within the Great 
Lakes sediments. 
Flori da Lakes 
Shannon, et a1. (26) in a study of eutrophication in North 
Central Florida l akes rea li zed the need for discriminating between 
sub-tropical and temperate lakes. Table 1 shows some of the more 
obvi ous differences. 
TABLE 1 
DIFFERENCES IN NORTH TEMPERATE AND SEMITROPICAL LAKES 
WHICH MAY BEAR ON EUTROPHICATION PROCESS 
Northern Lakes 
1. Defi ned shore 1 i ne usua 11y 
wi th beach 
2. Thermally strati fi ed, usually 
dimictic 
3. Usua lly ca 1 ca reous 
4 . Ice covered 
5. Runoff from meltwater 
6. Winter so lar radiation and 
temperature li mit primary 
producti on 
Semitropical Florida Lakes 
1. Shore-water interface i 11-
defined 
2. Little or no thermal strati -
f i cation 
3. Soft, acid water 
4. Always ice free 
5. No spring runoff 
6. Low temperature and sol ar 
energy not evident; longer 
periods for optimum plant 
growth . Susta ined yie lds 
of sta nding crop through-
out year . 
Only one study of the phosphorus co ntent of the sediments was made, 
and this invo l ved preliminary studi es on Anderson -Cue Lake which 
was the subject of an artificia l fertilization experiment. 
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Fig. 18. Transformation of P within Great 
Lakes Sediments. 
SOURCE: J. D. H. Williams and 1. Mayer, "Effects of 
Sediment Diagenesis and Regeneration of Phosphorus with 
Special Reference to Lakes Erie and Ontario," in 
Nutrients in Natural Waters, ed. J. R. Kramer and H. E. 
Allen (New York: John Wiley and Sons), p. 307. 
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Unfortunately, no reference was made as to the depth at which the 
sediments were taken. It may be that the rate of sedimentation, if 
it had been monitored during this experiment, would have allowed 
analysis of the results easier. 
A study done on the hypereutrophic Lake Apopka and its sedi-
ments by Schneider and Little (44), revealed an unconsolidated mud 
covering 90% of the bottom, with an average depth of 5 feet and a 
maximum depth of this mud layer of 40 feet.~ThiS lake has been the 
victim of cultural eutrophication, and its plight is well documented. 
The need for understanding sediment regeneration of nutrients is 
obvious in this case, for the sediments are high in nutrients, the 
lake is shallow~so mixing by the wind is probably complete, and the 
oxygen demand of the sediments is high so that anaerobiosis often pre-
dominated~ It may be safe to say that regeneration of nutrients 
from the bottom would probably maintain the eutrophic state of this 
lake long after external loading had been diverted. For this reason, 
any restoration program should include some way of removing or 
permanently immobilizing the sediment held nutrients. The Lake 
Apopka sediments were shown to be comprised of 32-77% volatile solids, 
with a corresponding high COD average of 1100 mg/kg of sediments. 
Phosphorus content ranged from 200-2000 ppm, which is consistent 
with sediments in other Florida lakes. Also consistent is the fact 
that phosphorus decreased with sediment depth, although again only 
historical intervals were investigated. 
Another study done on Florida Lakes by Brezonik and Shannon 
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(45) attempted to correlate trophic state to nitrogen and phosphorus 
loading. Most lakes showed a good correlation between trophic state 
index (TSI) which is a function of total phosphorus, total nitrogen, 
primary production, Pearsall's Cation ratio, Secchi disk, specific 
conductivity, chlorophyll, and the surface loading rates. The 
equation, as developed, is: TSI = .9l9{1/secchi) + .800{SpCond) + 
.896{TON) + .728{TP) + .942{PP) + .862{Chlo) + .635{Cation ratio). 
The model failed, however, when macrophytes predominated, as their 
production rate was not monitored. It also showed a poor correlation 
in Lake Wauberg, wh i ch is highly eutrophic, even though loading from 
the watershed appeared to be low. The significance of mixing from 
recreational activities would be interesting to study in Uake 
Wauberg, as the lake has received intense recreational activity in 
the past. It appears that sediments may playa significant part in 
loading the lake with phosphorus. 
Another study by Brezonik and Shannon (46) on the limnological 
characteristics of 55 North Central Florida lakes found only eight 
under the influence of stable stratification with the characteristic 
low bottom oxygen levels . None of the lakes were meromictic, that 
is, they all mix vertically at some time. The tendency to stratify 
is seen to decrease as the surface area increases. In general, 
complete mixing occurs in most lakes at a much greater frequency than 
in temperate lakes. Sediment analysis was not considered. 
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Research Needs 
The need for understanding nutrient interchange between 
sediments and water was realized at the Uppsa1a Symposium (47) in 
1968. In their list of areas needing research was included the need 
to find a way to render sediment held nutrients unavailable to 
plankton, need for better monitoring of nutrient flows, investigation 
of the depth of sediment that influences overlying water, and the 
effects of such factors as mixing upon algal growth. Experiments 
dealing with the rate and nature of sedimentat ion would be valuable. 
Unfortunately, problems have been encountered in attempts to determine 
the rate of sed imentation. This problem was realized by Go1terman 
(48) who pointed out that devices used usually decrease the turbu-
lence of the water in the region, thereby increasing the rate of 
sed imentation. Also, organisms caught in the traps, such as 
benthic invertebrates seek ing cover, could often destroy the validity 
of the data. Whit and Wetzel (49) have recently proposed a trap 
that allows correction for non-sedimenting material, such as 
periphytic organisms. It appears to be useful, although it does not 
detect some of the material that falls at les s than a 900 angle. 
It also fails to measure horizontally moved or redistributed sediments. 
Also, it interrupts turbulence. Fuhs (50) also developed a sediment 
trap with a control section, although several areas were noted to 
cause error, the most significant being the inability to discrim-
inate between redistributed and new sediments . He notes that without 
measurement of sedimentation rate, the extent of nutrient cycling, 
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including the effects of increases and decreases in phosphorus 
loading on plankton production, cannot be measured with any degree 
of re 1 i abil i ty. Fuhs' method was app 1 i ed to Lake Canadarago in 
New York. An average sedimentation rate of 453 grams of materia1/ha-
day was observed during summer stratification. It was stated by 
the author that the work may have been made more meaningful if rates 
had been measured in the more productive littoral areas. 
In a summarization, then, it appears that in Florida lakes, 
studies on sediment-water interchanges could be very informative in 
understanding the mechanisms of accelerated eutrophication. Much 
needed is a means of monitoring the rate of phosphorus deposition 
throughout the lake as a whole, with attention being given to all 
1imno10gica1 zones. Effects of mixing in Florida lakes need to be 
evaluated in such a study, also, which would almost demand a constant 
monitoring of phosphorus and other parameters as they flow through 
the system. Again, the success of such a project would depend upon 




FIELD INVESTIGATIONS AND LABORATORY PROCEDURES 
Vertica l distribution of phosphorus through bottom sediment 
cores col l ected from Florida lakes of vari ous trophic states wete 
studied . The cores were sect ioned to measure phosphorus concen-
tration and volatile so li ds content in each layer. Se l ected l akes 
for this study had previous ly received attention from Shannon and 
Brezonik (4 ) in their study of trophic state determination. This 
made it possib le to investigate the correlation between the trophic 
state index developed by Shannon and Brezoni k (48) with phosphorus 
profiles through the sediment cores. 
Descri ption of Study Areas 
The study area included lakes with different trophic levels 
and located in Central Florida. These lakes are: 
1. Lake Claire 
Lake Claire is considered to be an oligotrophic-colored lake. 
It is relatively smal l, about 28 acres, with a very sma ll 
littora l area. The mean depth is about 8 feet. Because of 
the proximity of the l ake to FTU, it was used for much of 
the preliminary work. Also, considerable background infor-
mation has been collected on this area . 
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;;. Lake Apopka 
The study of the degradation of Lake Apopka is well documented. 
Nonetheless, the actual cause has not been completely deter-
mined. This lake is a hardwater lake, originating from 
artesian flow . It is the head lake of a chain of lakes which 
feed the Oklawaha River. The water quality of all the lakes 
within this chain has been jeopardized by Lake Apopka, and 
technological development within their watersheds. Lake 
Apopka lends itself as a representation of a highly culturally 
eutrophic system in which the rate of organic accumulation 
is extremely high . 
3. Lake Griffin 
This lake also belongs to the Oklawaha chain, being the last 
lake before the river is developed. It is considered to be 
eutrophic, and recent water quality degradation has been 
noted. 
4. Lake Weir 
This lake also lies within the Oklawaha basin, but is not 
connected to the chain directly. Its watershed contains 
large numbers of citrus groves. It is classified mesotrophic 
by Shannon and Brezonik (44). 
5. Lake Swan 
This lake, classified as ultraoligotrophic by Shannon and 
Brezonik (45) lies within a relatively natural watershed . 
A few homes surround the lake. 
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6. Lake Geneva 
This lake i s s imilar to Lake Swan, although it is larger and 
receives more boat traffic. It is also clas sified ultra-
oligotrophic. 
7. Lake Altho 
Unlike Swan and Geneva, Lake Altho i s highly colored, being 
surrounded by cypress hammocks. It i s classified as 
oligotrophic. 
8. Lake Wauberg 
This lake was selected because it is somewhat of an enigma. 
Although it appears not to receive large amounts of nutrients 
from its watershed, it i s highly eutrophic. The sediments 
of this lake are now receiving considerable attention from 
the University of Florida's Environmental Engineering 
Sciences Department. 
9. Lake Eo 1 a 
Recently, Lake Eola, which has suffered from excessive urban 
runoff, was subjected to a restoration effort. As loading 
was not diverted after restoration by drawdown, it appeared 
that the eutrophic condition might be manifested again. It 
was decided that viewing the sediments might reveal how the 
lake is responding to the nutrient load. 
Sampling Procedure 
Considerable difficulty was encountered ln attempts to 
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procure undisturbed sediment cores which could be sectioned at 
vertical intervals of 1 em or less . After much experimentation, 
a plunge type device, Figure 19, was developed. The device consists 
of a 2" diameter plexiglass column, with a rubber plunger which 
moves easily within the column. The plunger stabilizes the sample, 
preventing disturbance by any water that otherwise would be above 
the sample. It appears that the sampl er works adequately in firm 
sedi ment, however, very loose sediments were di spl aced ins tead of 
offering adequate resistance to move the plunger upward. For this 
reason, it was decided that only those sediments which could move 
the plunger would be seriously considered. The upper loose sediments 
were assumed to represent a fairly homogeneous mass because of the 
high water content which al l ows rapid diffusion. To verify this 
assumption, two samples were taken from Lake Apopka and one from 
Lake Griffin of this loose sediment, and then analyzed for phosphorus 
with depth. Of these samples a standard deviation of 160 mg/kg and 
271 mgJ1<:gwere found respectively, which indicates even after adjust-
ment for lab variability that this assumption is not totally correct. 
This collection error is addressed further throughout this paper. 
Only in Lakes Griffin, Apopka, and Wauberg were the sediments so 
loose that a large amount of f l oc had to be disp l aced before a 
sample was obta i ned. Lee (52) notes that cqmplete mixing in the top 
sediments should not be assumed . Brezonik (32) noted that the 
hOmogeneity of the top loose sediments is not due to mixing but 
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Fig. 19. Sediment Core Sampler 
Developed For Collecting Vertical Sections 
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It appears, then, that even though mixing may not predominate, these 
loose sediments are probably active enough that those more consoli-
dated unerlying sediments may better represent the true sediment, with 
the loose sediments acting as a transitional area which perhaps needs 
to be investigated as a separate entity all together. 
Samples collected without difficulty were extruded careful·ly 
so that sections cou l d be cut at intervals beginning with 15cm, then 
10cm, 6cm, 5cm, 4cm, 3cm, 2cm, lcm, 0.5cm and O. lcm . Total phosphorus 
and volatile solids were determined on each sample. In addition, water 
samples were collected just above the sediment. They were analyzed 
for total phosphorus . Percent water was determined on some of the 
samples, although often too much time elapsed between collection and 
weighing in the laboratory for this measurement to be reliable. 
Field samples were placed in preweighed crucibles, which were 
he ld ina ca rryi ng box, as seen in Fi gure 20, and brought to the 
laboratory for analysis. It was attempted to keep samples between 
0.05 and 0.300 gram weight in the field to facilitiate digestion of 
sediments for phosphorus determination as specified in the EPA 
Laboratory Manual (52) and by Schneider and Little (44). 
After weighing, the samples were dried at 1050 C for 24 hours. 
These were then cooled and weighed again to obtain the dry weight. 
The samples were then burned at 5500 C for 1 hour, cooled and weighed. 
The weight of volatile and non-volatile solids were determined from 
this data in accordance with Standard Methods (53). 
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digestion process described by Schneider and Little (44) 
utilizing colorimetric determination by the ascorbic acid-combined 
reagent method, as described by EPA (52). A step by step process 
of the procedure follows: 
1. To the crucible add 3 ml H2S04 and 5 ml HN03 
2. Heat in a hood at 1000 C for one hour 
3. Add 5 ml more HN03 and heat for 15 more minutes 
4. Remove and cool 
5. Filter through a vacuum filter using a glass fiber filter. 
Care must be taken to prevent contamination with 
extraneous phosphorus. 
6. Transfer quantitatively to a 100 ml volumetric flask 
7. Add 2 drops of phenolpthalein 
8. Add slowly saturated NaOH until the solution turns pink 
9. Add 5 N H2S04 dropwise until the pink color disappears 
10. Bring the volume up to 100 ml 
11. This solution may now be used for determination of 
phosphorus by the ascorbic acid method, as described 
by EPA. 
12. The total phosphorus in ppm of dry weight can be 
determined by the formula: 
concentration in mg/L x dilution factor x 0.1 liters 
sample dry wt. in kg. TP = 
13 . Read at 710 nm on Beckman Spectrophotometer 
The precision of this procedure was measured by running three 
sets of five portions from three different grab samples. The results 
are presented in Table 2. 
TAB LE 2 
PRECISION OF PHOSPHORUS DETERMINATION FOR 
FOR SEDIMENTS SAMPLES USING 
THE ASCORBIC ACID METHOD 











Although the precision is not great with thi s procedure, it 
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Fi g. 21. Tota l Phosphorus Standard Curve 
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CHAPTER IV 
RESULTS AND ANALYSIS 
Sample Description and Field Data 
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1. APOPKA #1: Thi s sample was collected on the southeast 
si de of the lake on January 26, 1976. The water temperature at the 
time was 17oC. T;,~ water depth was 4.5 feet (1.37 meters). The lake 
water was noted to be very turbid, as the wind was mixing the water 
with considerable force. The sediment sample was collected in an 
area about 200 feet from the shore. This region of the lake histor-
ically was overgrown with emergent type plants such as Pontederria 
~. These plants, however, had been destroyed by hurricanes and by 
the degraded water quality. These plants are now represented as a 
compact peat layer on the lake bottom. This sample taken in this 
area was 15 em in depth, and consisted of a homogeneous layer of peat. 
2. APOPKA #2 : This sample and the following sample represent 
the type sediment that is most commonly found in Lake Apopka. The 
water temperature at the time of collection (March 8, 1976) was 200C. 
The water depth was approximately 5.5 feet (1 .68 meters) . The water 
was very turbid as it appeared there was an excess of phytoplankton 
growth . The area in which the samples were taken was located in the 
southern region of the lake, about 1/2 mi l e from the Winter Garden 
shoreline. Some diffi culty was encountered in obtain i ng a sediment 
samp l e, as the top l ayer was very loose and flocculant. This loose 
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material resembled sludge that might be found in an aerobic digestor. 
In fact, the similarity is probably more than coincidental, as this 
sediment consists mostly of heterotrophic bacteria which are working 
on deposited algae cells. The fact that this material appears to be 
relatively unconsolidated seems to indicate mixing occurs periodically 
with the overlying water. With considerable difficulty, some of 'this 
material was obtained and sampled at various depths. This group of 
samples were labeled Apopka #4 (floc). This loose sediments extended 
to about 3.0 feet (0.91 meters) deep . Apopka #2 represents a sediment 
sample which underlies this floc, and is characterized by a black, 
organic layer of two cm. thickness, consisting of a silty material, 
below which a dark layer intermingled with shells was noted. This 
probably represents the original bottom before accelered autrophication 
began. The shells became more prevalent with increasing sediment 
depth. 
3. APOPKA #3: This sample was taken in an area similar to 
Apopka #2. The black organic layer, however, was somewhat thicker, 
being about 5 cm. The shells became evident at about 6 cm. 
Flocculent material overlay this sample also. It was sampled and 
labeled Apopka #5 (floc). 
4. CLAIRE #1: This sample was collected on December 15, 
1975 in about 2.5 feet (0.76 meters) of water. The area was covered 
with maiden hair grass, and was representative of what might be 
called a sublittoral zone. The water temperature at this time was 
150C. The core taken was 7 cm in depth. The top 3 cm consisted of 
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a peat l"ike material. Below this, sand became more prevalent, 
although it appeared to be mixed with SOIfe organic material . The 
bottom here was characterized by underlying gas pockets, indicating 
a rather biologically active area. 
5. CLAIRE #2 : This sample was taken in the deep region of 
the lake at about 12 feet. There was no indication of a thermocline 
at this time (January 8, 1976) although a slight temperature gradient 
was noted from top to bottom. The top temperature was 15.60 C and 
the bottom was 14.70 C. The dissolved oxygen level was at saturation 
throughout. The water of this lake is highly colored, although the 
turbidity is low. The sed iment core consisted of 9.4 cm of a black 
soft si lty material . It appeared to be homogeneous throughout. 
6. CLAIRE #3 is essentially a duplicate of Claire #1, taken 
at the same time in a similar area . 
7. CLAIRE #4 is a duplicate of Claire #2 , with the sediment's 
characteristics essentially the same. 
8. WEIR: Thi s sample represents sed iment underlying 10 
feet (3.05 meters) of water on the south side of the lake. This 
sample was taken on February 16, 1976. The water temperature was 
160 C and no thennoc1ine existed at this tilfe. The water was very 
clear, having very little color or turbidity. The sedilfent core 
itself consisted of a top thin layer about 1 cm thick of dark 
organic material mixed with sand. Below this, the sediment con-
sisted almost completely of sand . 
9. GRIFFIN: This sam~le was also taken on February 16, 
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1976 in an area about 100 yards from a cypress stand on the west 
shore of the lake near Leesburg, Florida. The water temperature at 
this time was about 160 C, and the depth was 7.5 feet. The oxygen 
level was noted to decline considerably with depth, reaching zero 
at the sediment-water interface. Like Lake Apopka, the Lake Griffin 
sediment was characterized by a loose flocculent top layer . Its 
thickness, however, was only about one foot. A rather consolidated 
sample was collected below this. It consisted of a black-brown mud 
which was characterized by the odor of hydrogen sulfide . At about 
3 em sand was noted to be mixed with this material. The sand 
became more prevalent at four to ten centimeters depth. At a depth 
of 15 em, a layer of peaty material was noted. 
10. EOLA : This sample was taken on January 26, 1976 in 
9 feet of water. The water tempearture was l60 C. No thermocline 
was noted. The oxygen level varied from saturation at the surface 
to 60% saturation at the bottom. The top centimeter of the sediment 
core was a black organic mud. The remaining portion of the sample 
consisted mostly of sand, becoming lighter in color as the depth 
increased. 
11. SWANN: This sediment collected February 23, 1976 came 
from a sub 1 ittora 1 regi on of about fi ve foot depth . The water was 
very clear in the lake and i t could be seen that the bottom was 
covered with a thin layer of black organic material. The core 
revealed this layer to be about 1.5 em with sand underlying to a 
depth of 10 em followed by a dark layer of peat like material. 
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12 . GENEVA: This sample was taken on the same day, February 
23, 1976, and its characteristics were similar to the Lake Swann 
sample. The peat layer, however, was not noted. 
13. WAUBERG: Like Lakes Griffin and Apopka, the sediments 
of Lake Wauberg were very loose and flocculent and it was difficult 
to obtain a core sample. A relatively well consolidated sample·was 
finally obtained on February 22, 1976 from the west side of the lake 
just north of a recreational area. This sample consisted of a brown 
organic mud with sand becoming more abundant with depth and was taken 
at a water depth of 8 f~et (2.44 meters). 
14. ALTHO: This sample was taken ln six feet (1.83 meters) 
of water on the east side of the lake. This lake is surrounded by 
cypress stands which give the water alot of color. The sediment 
sample was characterized by a dark organic layer one centimeter 
thick, below which sand mixed with dark organic material was noted, 
to a depth of 10 cm. A peat layer was noted below 10 cm. 
Laboratory Results 
Data on phosphorus content and percent volatile solids at 
various sections of sediment cores are presented in Table 3. Also, 
moisture content and phosphorus of the overlying water for selected 
samples are presented in this table. Change in phosphorus content 
with core depth from the water sediment interface for various lakes 
are shown in Figures 22-25. The trophic state index (TSI) as 









ANALYSIS OF SEDIMENT CORE SAMPLES COLLECTED 
FROM SELECTED FLORIDA LAKES 
Anal ysis of Bottom Sedi ments 
Core Depth Total % 
into Sediment Phosphorus % Water 
"cm" mai Ko Volatile Solids Content 
. 1 915 56 95 
.5 264 90 76 
1.0 4620 45 96 
2.0 492 49 94 
3.0 533 53 94 
4.0 531 77 96 
5.0 556 43 92 
6.0 370 49 90 
10.0 231 44 90 
15.0 1475 47 89 
.5 2031 78 96 
1.0 1596 85 98 
2.0 1801 90 99 
4.0 2251 86 96 
6.0 1662 79 96 
.1 4301 13 
.5 1979 3 
1.0 5166 12 
2.0 1226 2 
3.0 2137 3 
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Table 3-Continued 
Analysis of Bottom Sediments 
Sediment Core Depth Total % TP of Trophic 
Sample into Sediment Phosphorus % Water Overlying State • 
Identification It emil mq/Kq Volatile Solids Content Water mq/ l Index 
WAUBERG (cont.) 5.0 3882 3 
6.0 1516 3 
10.0 510 1 
15.0 2598 9 
ALTHO . 1 2773 26 .065 2.5 
.5 2497 26 
1.0 3467 39 
2.0 422 9 
3.0 619 6 
4.0 337 7 
5.0 768 11 
6.0 850 31 
10.0 1606 40 
15.0 1458 29 
GENEVA . 1 1163 5 .05 1.8 
.5 909 4 
1.0 668 2 
2.0 341 2 
3.0 507 3 
4.0 604 5 
5.0 713 2 
6.0 508 1 
10.0 315 1 . 
15.0 253 2 
Sediment Core Depth 




























Analvs is of Bottom Sediments 
otal % TP of Trophi c 
"h~torus % Water Overlying State 
mQ, KQ Volatile Solids Content Water mQ/l Index 























._---- -_ .. - -- - - - - - -- - - - - _. __ . - . 
'" u-. 
Sediment Core Depth 
Sample into Sedi ment 
Identification II emil 

























Analvsi s of Bottom Sediments 
Total % 
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Analysis of Bottom Sediments 
Sediment Core Depth Total % TP of Trophic 
Sample into Sediment Phosphorus % Water Over1yi ng State 
Identification Item" mg/ Kg Volatile Solids Content Wa ter mg/1 Index 
LAKE CLAIRE #4 3.5 1627 46 
(conti nued) 5.0 620 3 
8.0 1284 47 
APOPKA #1 . 1 315 91 91 . 17 22.1 
.5 151 96 93 
1.0 425 94 92 
2.0 363 99 91 
3.0 627 58 85 
4.0 1193 99 88 
5.0 7002 62 79 
6.0 711 99 80 
10.0 1075 78 82 
15.0 1511 47 86 
APOPKA #2 .1 881 87 
.5 1156 49 
1.0 1417 46 
2.0 702 14 
3.0 232 
4.0 462 18 
5.0 318 4 
APOPKA #3 .5 504 39 .18 
1.0 584 66 
3.0 575 51 . 
4.0 1006 6 
Sediment Core Depth 
Sample into Sediment 
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Table 3-Continued 
Analvsis of Bottom Sediments 
Total % 
Phos phorus % Water 
















111 3 25 
45 2 11 
TP of 
Overlyi ng 
Water mg/ l 
. . 10 
Trophic 





Sediment Core Depth 
Sample into Sediment 
I dentifi cat i on "emil 
LAKE WEIR 








--- - - -- - --
Table 3-Continued 
Anal ysis of Bottom Sediments 
Total 
Phosphorus Water 
mg / Kg Volatile Solids Content 
1.5 7 
56 1.0 15 
42 1.0 9 
20 < 1.0 16 
41 < 1.0 13 
30 < 1.0 28 
22 < 1.0 18 
25 < 1.0 27 
TP of 
Overly i ng 
Water mg/l 
Trophi c 
St at e 
Index 
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In an attempt to analyze this data, regression analysis was 
done on each data set as well as on the Wi11iams and Mayer (36) 
idealized sediment profile as seen in Figure 15. The depth was set 
as the independent variable, while the phosphorus concentration was 
used as the dependent variable. Five equation types were investigated 
with the aid of an IBM 360 computer. The general formula for these 
equations follows: 
y = A + Bx 
y = AeBx 
y = AxBx 
y = A + B/x 
y x = A + Bx 
where: 
A = intercept of straight line 
B = slope of straigh t line 
y = phosphorus content mg/Kg of dry sediment 
x = core depth in centimeters 
The results of the statistical analysis are shown in Table 
4. The A and B values and correlation coefficients, R, are presented 
with each set of data. From this table, it can be seen that the best 
correlations are found to follow the equation y x inmost A + Bx 
cases. The idealized pattern of Williams and Mayer (36) also 
follows this pattern. This equation i s obviously the best fit for 
idealized situations as well as for many of the se l ected Florida lakes. 
110 . OF 
LAKE OBSERVATIONS 
I.dea 1 01 s tr but 10n 
Williams & Hayer (9) 
APOPKA 1 ( 10) 
APOPKA 2 ( 6) 
APOPKA 3 (7) 
CLAIRE 1 ( ') 
Cl/IIRE 2 (7) 
ClAIRE 3 ( .) 
CLAIRE 4 ( 6) 
GRIFFIN ( 10) 




WEIR ( 8) 
WAlBERG ( 10) 
TIIIlU 4 
CORRELATION BETWEEN PlIOSPIIORUS CQHC(HTRlt.TJON 
willI SEOIt(:ln OEPTII FOR CORE SflHPlES 
FROM SELECTED flORIDA l~K[S 
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3311 -566 74 4574 -.568 96 1305 1.1.896 76 769 '58 
1651 - 77 26 1636 -.063 20 1523 -.16' 20 1266 183 
1180 - 43 12 695 -.062 65 642 -.344 18 96' 9.6 
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• .013 .0094 
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1m -.0142 .0104 
10 - .00011 .000.7 
10 -.00.81 .0091 
11 -. 043 .020 
1 . . 0024 .00061 
3 -.0048 .0038 
0 .0058 .00092 
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it can be seen from Fi gure 15 that profi 1 es for thi s 
ideal ized s ituati on may be legitimately divided into three zones; 
a top zone in which the phosphorus concentration i s rather constant, 
a middle zone in which the phosphorus concentrati on decreases 
geometrically, and a l ower zone in which the phosphorus concen-
tration tends to remain constant. These zones wi 11 be referred ·to, 
from top to bottom, as the interchange, migratory, and historical 
zones. It may be unrealistic to expect idealized patterns in field 
situations because of the variabi l ity in many phenomenon, such as 
mix ing by currents or benthic invertegrates, which can disturb the 
profi l e. On the other hand, it seems reasonable to compare ex i s ting 
field profiles in l ake sediments with idealized profiles for better 
understanding conditions and mechanisms that cause this deviation. 
As prev iously mentioned, the top region of l oose flocculent 
sediments which i s poorly consolidated must be thought of as part of 
the interchange area. It may not be possible at this time to 
adequately address these sed iments, although they must play an 
important part in the dynamics of phosphorus cycl ing within hyper-
eutrophic lakes . 
Within the interchange zone, the phosphorus concentration 
may decrease, remain constant , or increase with depth. From logi cal 
deduction, it would seem that the s l ope of this linear transfer 
segment might reflect the effects of phosphorus regeneration and 
deposition within the sediment . A negative slope may indicate a 
high ra te of phosphorus regeneration from the sed i ments to the water, 
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while a positive slope may show that sedimentation is dominant. 
Using the data that is represented graphically in Figures 
22-25, an attempt was made to separate each profile into the three 
zones. This is shown in Table 5. Using this table, and the 
available data on sediment depth and phosphorus concentration 
within the interchange zones, straight line relationships were 
developed, and the slopes of these lines in mg-Pjkg dry sediment 
per centi meter of depth into the sediment determined. These slopes 
and the trophic state indices for the selected lakes are shown in 
Table 6. A further analysis was made to determine the corre lation 
between these slopes and the trophic state index (T51). The relation-
ship was represented by the equation Y = -.0021 x - 11.6, with Y as 
the T51 and the slope as x. The relationship showed a very poor 
correlation, wi th the correlation coefficient, R, equal to - .1 8. 
It must be realized that the slopes examined were determined from a 
limited nurrber of data points within the interchange zone, and they 
varied considerably between different samples in the same lake. 
This is partly due to collecting and sampling error and partly to 
the differences between the samp 1 i ng sites. For example, in Lake 
Claire, the slopes from the sediments taken from the deep areas were 
negative, while the sublittoral samples showed positive slopes. 
Indeed, this type of variability is expected, as the whole lake cannot 
be treated as a homogeneous entity. With this attempt good corre-
lations between trophic state and phosphorus profiles are far from 




HYPOTHETICAL ZONES ESTIMATED FOR EACH DATA SET FROM 
SEDIMENT CORES FOR SELECTED FLORIDA LAKES 
Depth in Centimeters 
Sample Interchange Mi gratory Hi stori cal 
Identi fication Zone Zone Zone 
APOPKA #1 0-3 3-5 >6 
APOPKA #2 0-1 1-3 >3 
APOPKA #3 0-3 3-5 >5 
CLAIRE #1 0-1 1-4 >4 
CLAIRE #2 0-1 1-8 >8 
CLAIRE #3 0-1 1-6 >6 
CLAIRE #4 0-1 1-5 >5 
WEIR 0-1 1-4 >4 
GRI FFIN 0-1 1-2 >2 
WAUBERG ? ? ? 
ALTHO 0-1 1-2 >2 
GENEVA 0-1 1-4 >4 
SWANN 0-1 1-4 >4 




CORRELATION BETWEEN SLOPES OF LINEAR INTERCHANGE 
SEGEMENTS AND TROPHIC STATE INDEX FOR THE LAKES 
LAKE SLOPE** TSI * (mg/kg . cm) 
APOPKA #1 - 156 22.1 
APOPKA #2 - 500 22.1 
APOPKA #3 - B3 22.1 
APOPKA #4 - 125 22.1 
Floc 
CLAI RE #1 + 700 
CLAIRE #2 - 500 
CLAIRE #3 +3000 
CLAIRE #4 - 700 
WEIR + 100 3.3 
GRIFFIN -2500 13.7 
ALTHO - 500 2.5 
GENEVA + 500 1.8 
SWANN - 63 1.5 
EOLA +1400 
*TSI after Shannon and Brezonik (43) 
**mg total phosphorus per kg sediments times cm. 
Sediment depth within the interchange zone. 
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these profiles and trophic state may still exist. Therefore, it was 
decided to try a different phosphorus profile indicator as the 
independent variable. 
It seems logical to assume in lieu of the literature review, 
that dynamic relationships exist between the migratory and the 
interchange zones. Therefore, a ratio between the highest concen-
tration in the migratory zone and the lowest value in the interchange 
zone might prove to be a good trophic state indicator. The reasoning 
behind this selection is made clearer in the following chapter. In 
essence, it has to do with the theory that the highest level of 
phosphorus in the migratory zone represents the summation of the 
phosphorus contributed by sedimentation and mo l ecular di ffusion, 
while the minimum interchange value represents the same value minus 
that phosphorus regenerated to the overlying water. A ratio then 
of these two values would be a function of the rate at which the 
lake is loaded with phosphorus by the sediments, which, it would 
seem, is related to the trophic state, at least in a phosphorus 
limited lake. These ratios for the lakes studied are seen in Table 
7. A correlation between this ratio as X and the TSI as Y revealed 
the linear equation: 
Y = 1.07X - 4.63 R = .49 
Th i s correlation was improved to R = .97 when samples 
Apopka #2 and Apopka #3 were deleted. This adjustment seemed 
reasonable in light of the trouble involved in the collection of 
those two samples. The variability in sediments within the same 
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l ake aga in may be considered here as before. The fact may be that 
those sediments represented by Apopka #2 and #3 may not be as active 
in phosphorus dynamics as the sediments represented by Apopka #1. 
TABLE 7 
RATIO OF THE MAXIMUM PHOSPHORUS MIGRATORY VALUE TO THE 
MINIMUM CONCENTRATION IN THE INTERCHANGE ZONE 
lAKE RATIO TSI 
APOPKA #1 46 22.1 
APOPKA #2 2.6 22. 1 
APOPKA #3 2.0 22.1 
WEIR 1.2 3.3 
GRIFFIN 18 13.7 
SWANN 1.4 1.5 
GENEVA 1.8 1.8 
ALTHO 1.4 2.5 
CLAIRE #1 1.9 no data 
CLAIRE #2 1.3 no data 
CLAIRE #3 1.7 no data 
CLAIRE #4 1.1 no data 
EOlA .31 no data 
Although considerable time and effort could be spent 
investigating multivariate relationships between trophic state 
index and other parameters relating to the vertical distribution of 
phosphorus in the sediments, it must be noted that such an effort 
not only would probably over-estimate the quality of the data 
presented here, but it would also probably reveal that the correlation 
between these parameters and trophic state is limited. This is 
readily seen again by the great amount of variation in sediment 
characteristics within the same lake. Indeed, the assumption that 
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all portions of the sediments within the same lake are homogeneous 
or even similar would be absurd. It may be specified then that only 
in certain regions can the sediment be related to trophic state, for 
it may be that only certain portions are contributing enough nutrients 
to have an impact upon the trophic dynamics within the lake while 
other sedi ments are re 1 a ti ve ly i nacti ve. The improvement of the 
correlation between the maximum migratory minimum interchange ratio 
to TSI when Apopka #2 and #3 are ignored may demonstrate this. The 
problem then of sediment analysis needs further discussion before 
definitive statements can be made about certain ratios, slopes, etc., 
of the vertical phosphorus profile within the sediment. Logical, 
realistic observations however, do seem in order at this time, as 





Phosphorus profiles for sediment core samples from selected 
Florida lakes were analyzed for possible relationships that mig~t 
be useful as indicators of the trophic state. However, the 
variability of phosphorus profiles within the same lake, limited 
data collected, and limited availability of the Trophic State Index 
(TSI) for the lakes prevented conclusive results. The study adds 
to the current knowledge on phosphorus profiles in lake sediments 
of Central Florida and presents hypothetical approaches to explain 
the variation between these profiles. 
Phosphorus-Sediment Depth Relationships 
The phosphorus concentration through the sediment core 
with depth for an idealized profile as shown in Figure 15 followed 
the generalized equation: 
where: 
y = x A + BX 
Y = phosphorus concentration in mg/Kg dry sediment 
X = depth into the sediment in Cm. 
The correlation coefficient for this profile fit to the 
equation above was R = .99. 
Florida lakes exhibited various phosphorus-depth profiles as 
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seen in Figure 23-26. Most of these profiles followed the same 
equation type as the idealized profile. From the lakes tested, 
Apopka #1, Apopka #2, Apopka #3, Claire #2, Claire #4, Griffin, Altho, 
Geneva, Swann, Weir, and Wauberg followed the idealized equation 
with correlation coefficients, R, of .62, .86, .92, .71, .81, .48, 
.93, .31, .93, and .41 respectively. 
The three remaining samples showed better correlation 
coefficients with the equation type: 
Y = AeBX 
The correlation coefficients were .88, .96, and .85 for 
Claire #1, Claire #3 and Lake Eola respectively. This equation 
resembles that used for describing molecular diffusion by Fick's 
law. It seems reasonable to assume that molecular diffusion may be 
the dominant factor in phosphorus dynamics within these sediments. 
The interchange ZOne i s noticably poorly defined in these samples, 
meaning the migratory zone predominates. These sediments are 
addressed further in the discussion. 
Patterns of Phosphorus Distribution in Lakes 
Available data is insufficient to conclude that distribution 
of phosphorus within lake sediments i s a useful tool as a trophic 
state indi cator . However there is evidence that shows it may be 
helpful in evaluating phosphorus dynamics within Florida lakes. 
The highly eutrophic lakes, Apopka (Apopka #1), Griffin, 
and Ontario (34) (Figure 10) reveal similar phosphorus profiles 
within the sediment. It appears that from these similarities that 
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perhaps the sediments react in a somewhat predictable manner to 
large external phosphorus loads, and that the net result is a unique 
pattern that may be helpful in evaluating 1 acustrine dynamics. With 
the data presented in this study and with the information gathered 
from available literature, it seems reasonable to present a hypo-
thesis which attempts to explain these and other patterns of vertical 
phosphorus distribution within Florida lake sediments as follows. 
Oligotrophic-Ideotrophic Lakes 
These type lakes will ideally demonstrate a vertical pattern 
of phosphorus within the sediments as shown in Figure 15. This 
pattern is closely followed by Lake Huron (34) (Figure 12), Lake 
Weir (Figure 25), Lake Swan (Figure 24), and Lake Geneva (Figure 25). 
This profile may be considered to be the resultant of an equ ilibrium 
situation caused by the interaction of three phenomenon; diffusion 
through the pore water of the sediments, sorption and regeneration 
of phosphorus by the sediments, and sedimentation onto the sediments 
from the overlying water. 
Diffusion, regeneration and sedimentation of phosphorus are 
related to severa l other variables as was noted in the literature 
review . Diffusion through the pore water for example is related to 
the ortho-phosphate concentration gradient throughout the pore water 
and may follow Fick's l aw. Regeneration of phosphorus to the over-
lying water is dependent upon the adsorptive capacity of the sediment 
as well as molecular and eddy diffusion phenomenon. Sedimentation 
!l6 
may resu1t from chemical precipitation or settling of dead algae 
cells. It is therefore dependent upon such factors as net product-
ivity, pH, and ionic activity. There is a complex interdependency 
of these factors among themselves and with other variables such as 
temperature and Eh. 
If D is the phosphorus contributed by diffusion through ·the 
interstitial water to the sediment at the water interface, R is 
that lost to the water by regeneration, and S is that phosphorus 
which is gained from settling and precipitation, then the rate of 
change of phosphorus concentration at the sediment surface, dS/dt, 
may be equated as: 
dP/dt = dD/dt + dS/st - dR/dt 
When the lake approaches an equilibrium situation, dP/dt 
approaches zero. The ideal profile then represents the net result 
of this equilibrium situation. 
Cultural Eutrophication of Lakes 
Consider now a hypothetical oligotrophic lake which reveals 
the ideal phosphorus profile through its sediments as seen in Figure 
26a. Suppose that the phosphorus loading to this lake is suddenly 
increased significantly. This will result in an increase in dS/dt. 
This will in turn increase dP/dt at the sediment surface, resulting 
in a change in the profile as seen in Figure 26b. If this loading 
were to stop at this time then this excess phosphorus might be fixed 
into the sediment and homeostasis within the lake maintained. This 
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SCHEMATIC REPRESENTATION OF PHOSPHORUS 




following sedimentation and become part of the historical zone . 
This peak. if discovered at some time later would give evidence of 
the event that resulted in this brief overloading of phosphorus . 
Such a natural event could be a hurricane. flooding. or fire. All 
of these could cause temporary excessive nutrient loading. In Lakes 
Altho and Swann such an increase is observed at about 10 cm. into 
the sediment. This layer may indeed represent one such past natural 
event . An attempt to chronologically label this event was not made. 
although. using the sedimentation rate calculated by Kemp et a1. (34) 
for Lake Huron. it probably occurred well over one hundred years ago. 
If the hypothetical phosphorus loading is not ended. but is 
rather allowed to continue. then dP/dt may be expected to continue 
increasing. Net productivity within the lake may also increase. 
Dead algae cells will eventually begin to settle at a higher rate. 
placing a large Oxygen demand upon the sediments. which may create 
anaerobic conditions at the water-sediment interface. These 
anaerobic conditions cause a reduction in the redox potential at the 
sediment surface. Brezonik (32) and others note that the redox 
potential at the sediment surface is lower usually in lakes with 
high trophic states as seen by the comparison of the redox potentials 
with sediment depth between mesotrophic Lake Monroe to hypereutrophic 
Lake Jessup in Figure 28 (32). 
With a reducing environment at the sediment surface. 
several changes may occur. First of all. ferric compounds are reduced 
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phosphate. This may create an increased concentration gradient 
within the pore water, and between the pore water and the overlying 
water. Also, anaerobic conditions tend to be correlated with the 
production of organic adds and a corresponding drop in pH. Adsorption 
efficiency decreases with low pH and Eh values. This means that the 
adsorptive capacities of the sediments decrease while at the same 
time additional burdens are placed upon the adsorption sites by 
increased phosphorus loading . At some time then, the rate of regen-
eration must increase~ causing a change in the profile as seen in 
Figure 27d. 
As the regeneration rate of phosphorus from sediments to 
the water column increases, a negative slope throughout the inter-
change zone will develop as seen in Figure 27e. With the increase 
in phosphorus regeneration, a corresponding increase in total 
phosphorus concentration within the overlying water would be 
expected with a corresponding change in the trophic state. The 
significant point here is that at no time does the sediment cease 
to be a phosphorus sink, for there is always a net loss of phosphorus 
to the sediments, as can be seen by following the original surface 
reference through Figure 27. What does occur is an increase in the 
amount of phosphorus returned to the water (dR/dt). This increase 
is more or less represented by the difference between the pOint A 
on Figure 29 and point B on the same figure . Hypothetically, the 
area under this curve (Figure 29), which is indicated by the shaded 
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HYPOTHETICAL PHOSPHORUS LOADING 
FROM LAKE SEDIMENT 
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the water column in excess of the preload ing regeneration. This 
x 
may be mathematically represented s imple as 5 dRjdt or Rt=x -Rt=o 
t =O 
where t=x i s represented by figure 27e, and t =O i s represented 
by figure 26a . Fi gure 30 shows how each factor involved in 
phosphorus dynamics within the sediment (diffusion, regenerati on and 
sedimentation) may change l'lith time fo llowing increased phosphorus 
loading. 
Thi s brings up the question as to what happens if the 
allochthonous loading decreases after the sediment profile has 
progressed to the stage represented by fi gure 27e. First of all, 
a decrease in dSjdt will occur. Although dRjdt may now decrease, 
it may be ma"intai ned at a higher l evel than before external loadi ng 
began. It can be seen then that return to the original trophic 
state cannot always be expected, at least not unt il certain environ-
menta l condit ions within the sediment changes. It must al so be 
remembered that the great increase in the gross amount of phosphorus 
in the lake may have created conditi ons in which phosphorus i s no 
longer 1 imi ting. Nitrogen lIsua lly accompani es heavy phosphorus 
load i ng, so it could be that nitrogen also i s not limi ~in g at this 
time. In actuality, li ght or even space may become the li mit ing 
factor. Thi s i s to say that algae growth i s not controlled by 
nutrients, but rather by the antagonistic interact ions of algae cells 
(toxi n production, creation of li ght blocking turbidi ty, or even 
competition for oxygen during respirat ion) . The implicat i on then 
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important. Recycling with';n thE' water maintains the high nutrient 
l evels needed for the hig~ .-ate of grOl,th, The lake tilen n.~y be 
heading 'for a senescent >taqe, \'Iittl the bottom fiil~ng )'apidly with 
dead al gae cel ls . It :nay not be totaily accurate to think that 
diverting phosphorus l oads wi ll noi. affect trophic dynamics, but 
l'Iith Fl orida l akes i t mus t be considered naive to expect t ota l 
recove ry after a s hort t ilile following s uch di version. Becallse of 
the shallolmess of 13kes i n Florida, sediment l'lilter interchanges 
al'e probably mere signifi cant than in deeper NorLhern lakes. \later 
qual'ity management programs must consider sllch interchanges if they 
are to be successful . 
A fi nal question no\'l ar'ises, and that is, what happen5 to 
ti>2 phosphcrus profile if this high loading rate 15 continued 
i~definitely'i It must be though that if dr/dt stabilizes, that d 
neVi equi'libY'ium condition wiil develop eventually . The origi na'i 
increase in phosphorus concentration may become represented 
historica'Jly by a slight increasp in the deeper sed'iments as seen 
in Figure 27f. This hi stori cal increase represents that phosphorus 
Vihi eh escaped l' esolubil i zation and subsequent diffuslon throllgh 
the pOI'e .Iater. As the lake approaches a terrestrial stage. i.e. 
as the ~Iater volume diminishes, iL can be ex~ected that regeneration 
I'rili decrease so that the pl'ofil€, will demonst r ate a highest 
phos phorus concen tra tion at the interface. It IllUS t be l'emembered 
hOVlelJer that I~ i th invasion by macnphytic plants redistribution of 
phosphorus ~Ii thi n the saturated soil may cause some di storti on of 
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the profil e. 
Phosphorus Profiles and Trophic Dynamics 
From the previous presentation it can be seen why the 
vert ical phosphorus profile within the sediment does not a lways 
serve as a good indicator of trophic state. The dynamics ~Iithin 
the sedim~nts are not a lways coordi nated in time vlith trophic changes 
in the l ake. This i s because of the homeostatic properties of the 
sed i ments. This "compartment" within the system may be t hought of 
as an entropy diversion area, as described by Patten (9). Thi s is 
to say t hat any materi a l s which might create disorder with i n the 
biol ogical community of the lake are delivered to the sediments, 
where they are stored and, if possible, rende red unavailable for 
phytop l ankto n growth , or at l east a llocated in controll ab le quantities 
by regeneration. 
Looking now at the l akes presented in this study, several 
observations may be made which mi ght demons tate the value of studyi ng 
phosphorus levels within l ake sediments . The first observat i on 
perta i ns to the Lake Cl ai r e profi 1 es . As noted previ ous ly , two areas 
of this l ake were samp led . The profiles of each of these areas 
reflect their differences. First of all, the phosphorus from the 
sub li ttora l areas , Claire #1 and #3, appears to be mostly correlated 
with organic mater i a l . This was made evident after a linear regres -
s i On was made us i ng phosphorus in mg/samp 1 e as the independent 
variab l e and vo l atil e solids as grams/samp l e as the dependent 
vari able. The co rrel ation coeffic i ent was R ~ .97. When the 
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nonvo 1 alil e soli ds ~Iere used as the dependent va ri ab 1 e, a very poor 
correlation was noted, R = .08. This suggests that most of the 
phosphorus is organic, or at least aligned with organic material, 
perhaps through adsorption. It would appear, looking at Figure 22 
that these sediments are accumulating phosphorus at a high rate near 
the water sediment interface. This accumulation may be occurring 
because of an increase in external loading, or perhaps because of 
the high biological activity in the upper sediments. The sediment 
profile from the deeper regions of the lake present a different 
situation. First of all, there is an excellent correlation between 
organic and inorganic material (grams/sample) with phosphorus 
concentration (mg/sample), R = .96 and .97 respectively. This 
indicates that adsorption as suggested by Mortimer (31) perhaps by 
a Fer-ri-Silico-Humic complex may be the predominate factor in the 
phosphorus dynamics of these sediments. Attempts were made, and 
were unsuccessful, to extract phosphorus from these sediments with 
a slightly acidic solution. This indicates that adsorption has 
probably rendered the phosphorus within these sediments biologically 
unavailable, or nearly so. The profiles themselves, ~igure 22, 
Claire #2 and #4, give hint that some release to the liater is 
occurring, and that the ratio between sedimentation, S, and 
regeneration, R, is decreasing. This tends to support any thoughts 
that Lake Claire may be experiencing a trophic change due to 
increased external loading. Although this lake is currently con-
sidered oligotrophic, it may be progressing more rapidly towards 
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mesotroph ic or eutrophic conditions. Clearing and recreational 
activities "ithin the watershed may be responsible for the additional 
loading. 
Lake Altho. in appearance. is very similar to Lake Claire. 
Its vertical phosphorus profile through the sediment appears s imilar 
also. asl seen in Figure 25. The indication is then that perhaps 
Lake Altho is also exper iencing increased phosphorus loading. and 
that a trophic change from oligotrophic to mesotrophic or eutrophic 
conditions may follow. Trailor parks and development within the 
watershed may be respons ible for this loading. 
As noted earlier. Lake Eola has recently been the subject 
of a restoration project. This project utilized a drawdown which 
enabled some oxidation of the underlying sediments which had imposed 
a large oxygen demand upon the sys tem . A Iso. consi derab 1 e amounts 
of sand were deposited on the lake bottom during this restoration. 
The sedi ment sample from this lake. whose profile is seen in 
Figure 24. seems to demonstrate what has transpired since this 
restoration effort was completed. The large s lope seen in the 
interchange zone gi ves some i ndi cation that consi derab 1 e ohosphorus 
loading is continuing in this l ake. and that an eventual return to 
eutrophi c condi tions mi ght be expected . Thi s predi ctiol1 i s eas ily 
made 'Iithout the use of sediment profile studies . but the profile 
that i s seen does seem to support the discussion whi ch was previous ly 
presented on the mode of development of phosphorus profiles ,lithin 
the sediments. 
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Lake Wauberg is an enigma, for it is not at all clear "hy it 
i s eutrophic. It certain ly does not appear to be receiving large 
amount of allochthonous phosphorus, for the watershed is almost 
comp l etely natural, and yet the phosphorus content of the sediments 
il1 th i s l ake was the highest of those studied . The profile as seen 
in Figure \24 does not seem to follo" any usual pattern. What may be 
the case in Lake Wauberg is the presence of some natural phosphorus 
deposit which through bacterial action has been rendered biologically 
available in recent years . This is of course only speculation, and 
only after extensive sediments studies have been completed can the 
t,·lIe source of these nutrients be determined. 
The one discernible characteristic of the Lake Ilauberg 
sedimEnt phosphorus profile is the almost systematic fluctuation in 
the phosphorus concentration with depth. This may be an indication 
of some SOI·t of cycling phenomenon which allows the maintenance of 
a consistent fluctuation "ith time of the sedimentation to regeneration 
ratio. Ilhether this is set up by a lgae blooms followed by deposition, 
which is in turn followed by regeneration and a subsequent algae 
bloom, or by another type of cycle i s not known. This l ake presents 
itself as an interesting subject for further research. 
Lake Apopka has been subjected to intens ive phosphorus 
loading for severa l years, and therefore it might not be unusual 
to find some of the sediments approaching a new equilibrium, as has 
been hypothes i zed (Fi gure 27f). Thi s seems to be mos t evi dent in 
the sediments from Apopka #2 and #3, Figure 24. These are the 
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loose flocculant type sediments as previously mentioned. They tend 
to present a profile which is a hybrid between Figure 27e and 
Figure 27f. Again, the difficulty in collecting samples confuses 
this analysis considerably . The profi l e seen in Figure 24 of 
Apopka #1 presents an entirely different sediment profile . It 
appears to be behind the others in its evolution, clearly present i ng 
\ 
a profile like that seen in Figure 27e. 
The various types of phosphorus profiles through the 
s~di,"ent cores found in the Florida lakes investigated may be found 
to fi t the pa tterns presented in Fi gures 26 and 27, whi ch is pre-
sented to show one hypothesis on how the sediments react to changes 
in phosphorus loading. Which patterns these lakes fit may serve to 
detect changes in the allochthonous phosphorus bei ng recei ved by 
the lake before trophic changes become evident, as well as giving 
hi nts as to the degree i n which the sediments are load i ng the l ake 
with phosphorus through regeneration. Table 8 shows how the lakes 
studied have been evaluated. 
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TABLE 8 
CATEGORIZATION OF LAKES STUDIED ACCORDING TO THE PHOSPHORUS 




APOPKA #2. #3 
WAUBERG 
ALTHO 
CLAIRE #1. #3 





PROFILE TYPE ' 
FIGURE 27e 
FIGURE 27e 
FIGURE 27e & f 












equil i bri um 
HYPEREUTROPHIC - non-
equi 1 i bri um 
HYPEREUTROPHIC - near 
equilibrium 
EUTROPHIC - reason unclear 
OLIGOTROPHIC - non-
equilibrium. Experiencing 




stress from excessive 
phosphorus loading? 
OLIGOTROPHIC. non-
equilibrium. May be 
increasing regeneration 
rate. May be a normal 
profile for these deeper 
sediments. Regeneration 
may be naturally higher 
here. serving to regulate 




ALTERED EUTROPHIC - non-
equilibrium. Experiencing 




CONCLUSION AND RECOMMENDATIONS 
Conclusions 
puring the course of this study much information on phosphorus 
distribution through sediment cores from selected Florida lakes has 
been generated . Also attempts have been made to correlate the 
phosphorus sediment profi l es with the trophic state level s that have 
been derived from previous studies on these l akes . From this study 
the following conclusions were made: 
1) Phosphorus di stributions throughout the sediwents from 
most of the lakes under investi gation followed the generalized 
equa ti on 
where: 
x 
y = A + Bx 
Y = the phosphorus concentration in mg/kg dry sediment 
x = sediment depth from the water-sediment interface 
in em . 
2) The corre l ation coefficients, R, va l ues for the 
representative equation varied between 0 . 31 and 0.99. 
3) Only three samples fo ll m<ed the generalized equation , 
Y = Ae BX and R va l ues varied from 0 .85 to 0.96 . 
4) The phosphorus distribution for lake sediments reflects 
the domi Jldnt Inechani SinS involved in the dynalni cs of phosphot·us wi thi n 
the sedi ments, as we 11 as servi ng as a benchmark for hi s tori ca 1 
events whi ch affected the external phosphorus loading rate. 
5) Existing evidence from the results suggests that 
phosphorus distribution through the sediments may be a useful tool 
as an i ndi ca tor of trophi c changes ~Ii thi n Flori da 1 akes. However 
there 1l1at not always be a di rect corre 1 ati on between phos phorus 
pr'ofile and the current tropllic state because of the buffering 
ability of the sediments. 
6) Sediment profiles vary greatly for different areas 
within the same lake. However , one trophic state i s assigned to 
each lake. Therefore correclat ion between different samples and 
trophic state would be different unless enough samples of sed iment 
cores were collected from various sections of the lake for 
statistical analysis. 
7) Representative core samples should be collected for 
ana lys is, therefore careful cons i derati on shoul d be gi ven to the 
type of bottom sediments being sampl ed and the devices to be used 
for this sampling, Loose flocculent sediments are difficult to 
handle and do not l end themselves well to collection and analysis. 
8) Hypothetical analysis to explain variations in 
phosphorus profiles from various lakes was possible and was presented 
in the discussion section of this study, 
Recomme ndations 
The study showed that inadequacies exist with methods used 
for field collection, laboratory ana lys is, and evaluation of lake 
~lb~ 
sediments. Therefore the fall ovli ng recommendations shaul d be 
cons i dered: 
1) A research need exists for development of techniques to 
study the feasibility of using the sediment dynamics as a tool for 
describing and controlling trophic changes within Florida lakes. 
~) The role of the sediments in lacustrine dynamics is not 
well unders toad, therefore, further studi es are recommended tha t 
would investigate the mechanisms involved and to quantify the con-
tributions from these mechanisms. 
3) The role of the sediments from each 1 imnological zone 
needs to be evaluated. 
4) The available methods for sampling various types of 
sediments from lakes are 1 imited and often unsati sfactory . There-
fore, methods for collecting undisturbed samples which allows 
reliable vertical sectioning of the sediment should be further 
developed. 
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